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Abstract 
Due to friction, plastic deformation and cutting, the drilling process leads to high mechanical and thermal loadings of drilling tool 
and workpiece. Distortion and modifications of the surface layer microstructure, especially rehardened zones, can be observed, 
whereby the experimental investigation of correlations between machining processes and resulting surface layers are very 
complicated and time consuming. This paper presents a numerical approach to predict machining induced phase transformations at 
the surface layer of drilled holes. Based on experimental results and 2D FE machining simulations, an abstract model representing 
the mechanical and thermal collective load of the drilling process has been developed in relation to the parameters cutting speed 
and feed rate. To predict phase transformations of the steel 42CrMo4 (AISI 4140) at the surface layer of drilled holes a 3D FE-
model has been established using the commercial software ABAQUS. The kinetics of the phase transformations are implemented 
using specific user subroutines. The model calculates the process of austenization and the transformed volume fraction of the 
phases ferrite/perlite, bainite and martensite and also considers transformation plasticity and the resulting hardness of the 
microstructure. By simulating different combinations of cutting parameters, relations between drilling process and resulting surface 
layers of drilled holes have been studied. In addition the machining induced distortion of the workpiece can be calculated 
simultaneously. The simulation model has been verified by drilling experiments, thermal imaging and metallographic 
investigations. Predicting machining induced surface layer states, the functionality of future components can be improved. 
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1. Introduction 
Due to numerous influencing parameters and 
interactions between tool, workpiece and environment 
the cutting process is of high complexity. Until now, 
detailed modeling of three-dimensional chip formation 
in combination with accurate modeling of the material 
behavior and its cutting induced thermal and mechanical 
modification is not possible due to the necessary effort 
and simulation time. Therefore two different kinds of 
modeling approaches exist. On the one hand there are 
detailed models of high complexity describing certain 
aspects of the cutting process as the formation of 
residual stresses [1] or phase transformations [2]. On the 
other hand abstracted models of machining processes 
have been developed to represent the global 
characteristics and their interaction with real workpieces 
neglecting a detailed consideration of all possible 
boundary conditions. As an example the simulation of 
the grind hardening process can be named. But the 
accuracy of these abstracted and efficient models can be 
improved. Using specific models concerning local 
effects (e.g. phase transformations of the materials 
microstructure) allows detailed modeling of important 
processes accompanying the cutting process. Pabst 
developed a formulation of the thermal heat input for 
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cutting processes in dependency of process and tool 
parameters. Using this model as an input for FE-
simulations, he calculated thermal distortions of 
complex workpieces [3]. 
 
 
Figure 1: Workpiece, drawing and 3D-model
This model did not consider the material removal and 
the thermal load has been implemented defining thermal 
heat fluxes on the surfaces of the 3D-model of the 
workpiece. Related approaches have been developed by 
Schumann&Biermann, Kolkwitz, Foeckerer, Zaeh, 
Zhang and Brinksmeier to model the thermal load in 
grinding and grind hardening processes [4, 5, 6]. Risse 
analyzed the influence of different cutting edge radii in 
relation to the resulting cutting forces and temperatures 
[7]. Therefore he developed a model representing the 
mechanical and thermal load of the drilling process 
based on analogous experiments. Using the software 
DEFORM 3D the calculated forces, torques and 
temperatures showed a good correlation with drilling 
experiments. Weinert and Biermann also modeled the 
drilling and the tapping process using different 
abstracted models. In one approach they modeled the 
mechanical and thermal loads of a twist drill and a 
tapping tool with a model representing these loads on a 
fictive cutting edge [8, 9]. Another approach provided a 
heat source which has been moved through a drilling 
hole of a three-dimensional workpiece [10]. Using these 
models the resulting forces and temperatures in the 
workpiece have been calculated. Tai et al. developed a 
model calculating the heat transport in drilling processes 
predicting the temperature and distortion of workpieces 
[11]. In these simulations an existing drilling hole in a 
workpiece has been applied with a thermal load 
represented by a moving heat source with the abstracted 
geometry of the drilling tool. Schmier examined the 
surface zones of drilling holes and their influence on 
consecutive processes [12]. Based on experiments he 
calculated the process forces and temperatures and 
developed a mathematical approach for the energy input 
into the workpiece considering geometrical parameters 
of the drilling tool and the tool wear. Shen et al. 
developed a FE-model to predict three-dimensional 
temperature fields in the region of the clearance face of a 
drilling tool. The influences of cutting parameters 
regarding the process temperatures have been studied 
[13]. 
2. General Approach 
2.1. .Modeling approach 
The model presented in this paper is related to the 
models of Weinert and Biermann [8, 9]. The software 
ABAQUS/Standard has been used to set-up the three-
dimensional model of the workpiece displayed in figure 
1, whereas the drilling hole is generated during the 
simulation. The height of the model is reduced for the 
simulations due to a simulated drilling depth of 24 mm 
to minimize the models size and calculation time. 
During the process a hole with the diameter of 12 mm 
gets drilled with an offset of 10 mm to the plane surface 
leading to a thinnest wall thickness of 4 mm. To provide 
this material removal, the elements in the drilling hole 
get activated with respect to the process kinematics, 
loading the elements in their neighborhood. After the 
tool tip and the cutting edges of the drilling tool virtually 
passed a certain region, the elements get deactivated and 
deleted. As an effect the drilling hole is generated. The 
whole model is meshed with 133.000 coupled 
temperature-displacement elements (C3D8T). 
2.2. Generation of input data 
The approach to model the mechanical and thermal 
loads has been developed experimentally and by 2D-FE-
simulations. Therefore orthogonal cutting and also 
drilling experiments have been performed to analyze the 
loading collective at the cutting edge of a drilling tool. 
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Table 1: Specifications of the twist drill 
Diameter d (mm) 12 
Length l (DIN6537L) (mm) 60 
Point angle s (°) 140 
Rounding r (mm) 1.5 
Tool material cemented carbide 
Coating TiAlN (multilayer) 
 
For the drilling experiments workpieces with the 
geometry of rings have been used. All rings were made 
out of the steel 42CrMo4 (AISI4140) in quenched and 
tempered (450 °) state. 
When drilling a ring, only defined points along the 
cutting edge are cutting the material, corresponding to 
the diameter of the ring. By measuring the resulting 
forces using a rotating force dynamometer of the type 
Kistler 9125A and also measuring the temperatures at 
the cutting edge with a two-color pyrometer with glass 
fiber, the mechanical and thermal loads at defined points 
of the cutting edge could be examined. Figure 2 shows 
workpiece and experimental set-up of the ring drilling 
experiments. 
 
Figure 2: Prepared workpiece (top) and experimental set-up (bottom) 
The workpieces were prepared in three different radii 
enabling three measuring positions along the cutting 
edge. Figure 3 presents the chosen points at the radii 
r1=1.5, r2=3.0 and r3=6.0 mm. 
 
  
Figure 3: Examined points along the cutting edge (radii: r1=1.5, r2=3.0 
and r3=6.0 mm) 
These defined positions along the cutting edge can be 
approximated by parameter variations during the 
orthogonal turning experiments since the cutting speed 
varies along the cutting edge of a drilling tool from 
maximum speed at the corner of the cutting edge to zero 
at the chisel edge. Figure 4 shows the comparison of 
orthogonal turning and drilling experiments regarding 
the measured specific cutting forces. 
 
 
Figure 4: Comparison of measured cutting forces in relation to cutting 
speed 
It can be seen, that the specific cutting force 
decreases with increasing cutting speed. The forces of 
the drilling experiments have been calculated from the 
measured torque at the defined points of the cutting edge 
corresponding to the cutting speeds. Applying a cutting 
speed of 300 m/min, velocities of 150 m/min and 
75 m/min result at the points of r2=3.0 mm and 
r1=1.5 mm. The results also show a good agreement of 
drilling and turning experiments regarding the specific 
cutting forces. Figure 5 shows the comparison of the 




Figure 5: Comparison of measured cutting temperatures in relation to 
cutting speed 
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It can be seen that the measured temperatures also 
show a good agreement comparing the drilling of rings 
and orthogonal turning. With increasing cutting speed 
the cutting temperatures are rising. At high a cutting 
speed of 300 m/min an obvious disagreement of almost 
150 °C can be detected. This can be explained by 
extensive tool wear at the edges of the twist drill. 
Furthermore at drilling the measuring point is closer to 
the cutting zone as for the turning experiments. 
2.3. Kinematics and implementation of mechanical and 
thermal loads 
The mesh of the later drilling hole represents the 
kinematics of the drilling process. To implement the 
kinematics and loads of the drilling process, the hole is 
intersected into segments in radial and lateral direction 




Figure 6: Segmentation of the material in the drilling hole 
The segmentation in feed direction corresponds to the 
feed rate as one segment has the height of the way the 
drilling tool is moving forward during one full rotation. 
In radial direction the segmentation should be as fine as 
possible to provide a homogenous modeling of the 
mechanical and thermal loads. However there has to be 
made a compromise concerning accuracy and efficiency 
since too many segments and elements lead to extensive 
calculation times whereas a rough segmentation causes 
inaccuracies of the applied loads and the resulting 
surface characteristics. For the calculations presented in 
this paper one rotation is represented by 32 segments of 
11.25°. To enable the simulation of phase 
transformations in the surface layer of the drilling hole, 
also the wall of the drilling hole has to be meshed very 
fine. Therefore a length of 1 μm has been chosen for the 
first 10 elements around the drilling hole as a martensitic 
layer with a thickness of 5 μm has been calculated in 
previous work [14]. 
The mechanical loads have been implemented using 
element- and node-sets along the radial segments of the 
drilling hole. The element-sets have been used to model 
the forces along the cutting edge implemented with the 
ABAQUS user-subroutine Dload. The node-sets were 
used to implement the thermal load with the ABAQUS 
user-subroutine Disp. After applying the load to the 
workpiece and elements in front of the tool, the elements 
representing the loading collective are removed 
automatically providing the drilling hole. Using this 
approach no contacts have to be defined. 
A circular face-set has been defined to provide an 
additional heat source at the wall of the drilling hole, 
representing the hot drilling tool and chips also affecting 
the machined surface layer. This additional thermal load 
has been implemented defining explicit values for the 
local temperature T. Figure 7 displays the element-, 




Figure 7: Element- (left), node (middle) and face-sets (right) for the 
definition of local mechanical and thermal loads 
The advantage of this modeling approach in 
comparison to pure kinematic models is the 
consideration of the material in front of the drilling tool 
enabling a heat transfer and interaction with the 
workpiece also through these elements. 
2.4. Material model 
To model cutting induced phase transformations at 
surface layers, the characteristics of the machined 
material have to be provided by an adequate material 
model. In previous work the authors presented a model 
with the ability to predict the modification of the 
workpieces microstructure due to cutting processes with 
good agreement [2, 14]. The transformation kinetics of 
the diffusive phase transformations are modeled using a 
modified approach by Avrami describing the amount of 
a certain phase f  the form: 
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)exp(1max
ntbff  (1) 
with 
Tk
HCTb exp)(  (2) 
the activation enthalpy H , a constant for the 
velocity C, a material parameter n and the Boltzmann 
constant k. The non-diffusive transformation processes 
have been modeled using the approach of 







ff  (3) 
The material model has been implemented into the 
3D-model for the drilling process. The subroutines 
describing the loading collective have been added. 
3. Results 
3.1. 3D-FE-simulation 
With the developed model simulations have been 
done. The examinations focused on the correct 
representation of the occurring temperatures, their 
distribution and resulting phase transformations in the 
workpiece material. Figure 8 shows the top view into the 




Figure 8: Temperature distribution at the hole bottom due to the loads 
at the cutting edges 
The temperature field in figure 8 shows two hot zones 
at the outer diameter of the drilling hole resulting from 
the cutting edges. The temperatures decrease from the 
maximum diameter towards the center of the hole. In the 
center the temperatures are elevated again due to 
squeezing and friction at the chisel edge instead of 
cutting. The rotation of the modeled load leads to the 
almost symmetric hook shape of the temperature field. 
The slight asymmetry can be explained by the different 
heat fluxes resulting from the non-uniform material 
thickness around the hole. To get an impression about 
the agreement of simulation and experiment, the 
temperature field on the flat surface of the workpiece has 
been observed with thermal imaging during the drilling 
experiments. Figure 9 shows the comparison of 
simulation and experiment. 
 
Figure 9: Calculated (left) and measured (right) temperature fields 
It can be seen that the level of the calculated 
temperatures is in good agreement with the values 
observed during the experiments. The shape of the 
temperature field shows differences due to the 
measuring difficulties at lower temperatures and the 
modeling approach. Besides the temperatures the 
workpiece microstructure and its transformation 
behavior has been simulated. Figure 10 shows the 
workpiece and the enlarged drilling hole showing the 
formation of martensite at the surface layer. 
 
 
Figure 10: Formation of martensite at the surface of the drilling hole 
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It is obvious that the simulated amounts of martensite 
only appear in equally separated zones. This is due to a 
rough segmentation of the applied thermal load which 
has been chosen for the first simulation runs. However it 
can be stated that the developed 3D-FE-model is able to 
predict drilling induced phase transformations at the 
surface layer of the drilling hole. The formation of these 
white layers has been shown in [2] and [14]. 
4. Conclusion & Summary 
The paper presents a novel 3D-FE-model of the 
drilling process considering machining induced phase 
transformations at the surface layer of the drilling hole. 
The model contains the process kinematics and the 
resulting thermal and mechanical loading of the 
workpiece. Instead of a pure cutting simulation the 
material removal is provided using element deletion. 
Thus the consideration of material removal and detailed 
modeling of the material behavior could be combined. 
Using the developed model, simulations have been 
conducted and the results were validated with 
experimental data. The calculated temperature fields 
show good agreement with thermal imaging. The 
modeled phase transformations at the surface of the 
drilling hole reflect the ability of the model to predict the 
drilling induced phase transformations at the machined 
surface layer as the formation of white layers. The 
simulated modifications qualitatively correspond to first 
experimental results and will be verified by further 
metallographic analyses. Simulating different cutting 
and tool geometry parameters will help to identify and 
influence the conditions of white layer formation during 
drilling processes. From the results presented in this 
paper the abilities and various possibilities of the 
developed model of the drilling process can be derived. 
However the model has to be improved to become an 
efficient tool to examine and handle modifications of 
workpiece microstructures. 
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